How histone post-translational modifications (PTMs) are inherited through the cell cycle remains poorly understood. Canonical histones are made in the S phase of the cell cycle. Combining mass spectrometry-based technologies and stable isotope labeling by amino acids in cell culture, we question the distribution of multiple histone PTMs on old versus new histones in synchronized human cells. We show that histone PTMs can be grouped into three categories according to their distributions. Most lysine mono-methylation and acetylation PTMs are either symmetrically distributed on old and new histones or are enriched on new histones. In contrast, most di-and tri-methylation PTMs are enriched on old histones, suggesting that the inheritance of different PTMs is regulated distinctly. Intriguingly, old and new histones are distinct in their phosphorylation status during early mitosis in the following three human cell types: HeLa, 293T, and human foreskin fibroblast cells. The mitotic hallmark H3S10ph is predominantly associated with old H3 at early mitosis and becomes symmetric with the progression of mitosis. This same distribution was observed with other mitotic phosphorylation marks, including H3T3/T6ph, H3.1/ 2S28ph, and H1.4S26ph but not S28/S31ph on the H3 variant H3.3. Although H3S10ph often associates with the neighboring Lys-9 di-or tri-methylations, they are not required for the asymmetric distribution of Ser-10 phosphorylation on the same H3 tail. Inhibition of the kinase Aurora B does not change the distribution despite significant reduction of H3S10ph levels. However, K9me2 abundance on the new H3 is significantly reduced after Aurora B inhibition, suggesting a cross-talk between H3S10ph and H3K9me2.
In eukaryotes, histone proteins facilitate the packaging of DNA molecules. The DNA double helix wraps around histone octamers to form nucleosomes. A histone octamer contains two copies of each core histone H3, H4, H2A, and H2B. A 5th histone, histone H1, is associated with the linker DNA which lies between the nucleosomes. Canonical histone proteins are cell cycle-dependent and are produced in S phase (1, 2) , whereas cell cycle-independent histone variants (e.g. H3.3) are synthesized throughout the cell cycle (3) . Histone proteins carry numerous post-translational modifications (PTMs) 3 that are involved in multiple functions such as epigenetic regulation of transcription, DNA damage repair, and cell cycle progression (4, 5) . To maintain lineage identity and to guide proper transcription, cells must replicate PTMs from old histones onto new histones at each cell division. Major efforts have been devoted to understanding how histones themselves are transmitted through the DNA replication fork in S phase (6) . In principle, the newly deposited nucleosomes could contain entirely old or newly synthesized histone proteins, or a mixture of both. Accumulating evidence suggests that most H3/H4 tetramers remain intact, with the exception of some H3.3/H4 tetramers, indicating that nucleosomes should contain either new or old H3 and H4 rather than a mixture. Conversely, H2A/ H2B dimers exchange freely during replication (6 -8) .
Determining the PTM profiles of newly deposited nucleosomes after replication, and how these profiles differ between old and new histone proteins, will help elucidate the mechanisms of histone PTM inheritance during the cell cycle. We and others have reported histone lysine methylation kinetics throughout the human cell cycle (9, 10) . Although histone PTM inheritance is completed after one cell cycle, important repressive marks like H3K9me3 and H3K27me3 are not fully replenished until the next G 1 phase (9) . Groth and co-workers (11) reported an overview of multiple histone PTMs at the replication fork and made very similar observations. However, much remains unclear about how different histone PTMs are transmitted through mitosis.
Interestingly, a number of histone PTMs regulate cell cycle stage-specific processes and therefore may not need to be inherited from the old histones to new histones. For example, histone H3K56ac was shown to be added onto new histones during S phase and rapidly erased in G 2 phase (12, 13) . Monomethylation of H4K20 is temporally added by G 2 and M phasespecific activities of the methyltransferase PR-Set7/SET8 and is linked to cell cycle progression (14) . Furthermore, a handful of histone phosphorylation (ph) marks are highly abundant in mitosis and are present at very low levels in the interphase, including H3S10ph, H3S28ph, H3T3ph, H1.4S26ph, etc. (15) (16) (17) (18) (19) (20) (21) . The major kinase for these histone phosphorylation marks is Aurora B, which is part of the chromosomal passenger complex and plays essential roles in chromosome condensation, segregation, and cytokinesis during mitotic progression (22) . Aurora B phosphorylates histones directly (17, 21, (23) (24) (25) (26) or indirectly through activation of another kinase Haspin (27) . The levels of these phosphorylation marks peak after the new histones are synthesized in S phase; therefore, they are not likely being transmitted from old to new histones. However, it remains unclear whether these histone phosphorylation marks play a role in facilitating epigenetic inheritance of other PTMs.
We report here a systematic analysis of the distribution of histone PTMs in mitosis. We show that most histone Kme2/3s were biased toward old histones, consistent with previous studies (9 -11) . H3K4me2/3, however, was symmetrically distributed on old and new H3. We also show that most Kme1 and Kac events were either symmetric or enriched on new histones, with the exception of H4K5acK8acK12acK16ac (H4 4 -17 4-ac) . Surprisingly, although the mitotic histone phosphorylation marks do not need to be inherited, they were predominantly associated with the old histones in early mitosis and only became more symmetrically distributed in late mitosis. This phenomenon was observed for four histone phosphorylation marks, including H3S10ph on both canonical histone H3.1/2 and the variant H3.3, S28ph on H3.1/2, H3T3/T6ph, and S26ph on a linker histone H1. 4 . In contrast, S28/S31ph on H3.3 was distributed symmetrically on old and new histones. We additionally demonstrate that the H3K9 residue is not required for the asymmetric distribution of Ser-10 phosphorylation on the same H3 tail.
Results

Systematic Analysis of the Distribution of Histone PTMs in
Mitosis-To investigate the distribution of histone PTMs on old versus new histones during mitosis, we used pulse-SILAC (stable isotope labeling by amino acids in cell culture) (28) followed by mass spectrometry techniques. HeLa cells were synchronized at the G 1 /S boundary by double thymidine block (Fig. 1A) . Typically, the majority of HeLa cells entered G 2 /M by 7-8 h after release (Fig. 1, D and E) . Upon release, we cultured the cells with SILAC media containing 13 C-and 15 N-labeled arginine. Because canonical histone proteins are only synthesized in S phase (1, 2) , any heavy Arg-labeled histones were therefore newly synthesized histones and could be detected by the subsequent mass spectrometry analysis. In addition, we included L-[methyl- 13 C,D 3 ]methionine in some experiments to enable characterization of new methylation events. Methionine can be converted into S-adenosylmethionine (AdoMet), the only methyl donor in the cell (29) . Therefore, heavy-labeled methionine can mark both new methylation events as well as new proteins (9) . Incorporation of the supplemented heavylabeled amino acids may not happen immediately because they take time to enter the cell and get incorporated into proteins. To test whether the cells can utilize supplemented stable isotope-labeled amino acids rapidly enough, we performed metabolomics analysis in one pulse-SILAC experiment. As shown in Fig. 1C , the majority of cellular arginine and AdoMet was already heavy-labeled by 2 h. By 4.5 h, both of them had reached a plateau of 98.9 and 90.8%, respectively. Minimum increase of extra labeling was achieved after 4.5 h. The maximum labeling efficiency was 99.1% for heavy arginine and 93.8% for heavy AdoMet. We also monitored heavy proline levels in addition to supplementing extra light proline in the medium because arginine can be converted into proline (30) . Only a trace amount (Ͻ0.3%) of heavy proline was detected throughout the labeling time course, which would not likely affect our data analyses. Based on these data, we concluded that the pulse-SILAC was fast enough for labeling G 2 /M histones.
As shown in Fig. 2A , all canonical histone proteins quantified, including H3.1/2, H4, and H1.4, showed very similar labeling between 8.5 and 11 h, suggesting the majority of histone protein synthesis had finished by 8.5 h in our experimental paradigm. Consistently, flow cytometry measurements of DNA contents showed the majority of cells had finished S phase and entered G 2 /M phase by 8.5 h (Fig. 1D) . However, the cell cycle-independent H3 variant H3.3 had a lower labeling rate compared with other histones, and the labeling continued to increase from 8.5 to 11 h ( Fig. 2A ), in agreement with the fact that H3.3 protein synthesis happens throughout the cell cycle (3). In general, old histones were over-represented in these pulse-SILAC experiments, likely due to recycling of cellular metabolites during histone synthesis (9) . Taking the protein labeling efficiencies into consideration, we presented data in a normalized distribution manner as shown in Equation 1. The larger the number, the more asymmetric a particular PTM is biased toward the old histones. Fig. 2B shows a distribution map for a total of 57 histone PTM statuses (including unmodified) and their relative abundance in mitosis. The PTM statuses could be clustered into three categories according to their normalized distributions (Table 1) as follows: symmetrically distributed (29 statuses), enriched on new histones (8 statuses), and enriched on old histones (20 statuses). For PTMs requiring inheritance from the old histones to new histones, symmetric distributions implied that the inheritance had been completed before onset of mitosis. In contrast, enrichments on the old histones indicated that inheritance of such PTMs persisted into mitosis and even the next G 1 . Interestingly, the same type of histone PTMs tended to have a similar distribution. As listed in Table 1 , most lysine monomethylations and acetylations were either symmetrically distributed or enriched on the new histones. In contrast, most lysine di-and tri-methylations were enriched on the old histones, including H4K20me2/3, H3K79me2/3, H3K9me3, H3.1/ 2K27me2/3, H3.1/2K36me2/3, H3.3K27me3, and H3.3K36me2/ 3. These results extended previous findings from us and others demonstrating that new H3K9me3 and H3K27me3 are synthesized rather slowly and do not complete until next G 1 (9 -11) . However, a few histone PTMs did not follow the general rules. For instance, K4me2 and me3 were symmetrically distributed, whereas H3K4me1 was enriched on old H3 (Table 1) . This result demonstrates for the first time that me2/3 marks could be restored before mitosis and suggests that the mechanisms underlying the inheritance of H3K4me and other Kme marks are distinct. Another example is that H3K79me1/2/3s were all asymmetrically distributed on the old H3 in mitosis ( Table 1) , suggesting that the sole methyltransferase for H3K79, Dot1l (31), was preferentially recruited to old histone H3. Interestingly, Dot1/Dot1l deficiency causes various cell cycle defects in human cells and in other organisms (32) , which might be related to its enrichment on the old H3. In addition, although K27me2 was asymmetrically distributed on the old histone H3.1/2, its counterpart was symmetrically distributed on H3.3. Finally, we found that H4K5acK8acK12acK16ac was enriched on old H4 at both time points, in contrast to most lysine acetylation marks (Table 1) .
Enrichment of Histone Phosphorylation Marks on Old Histones in Mitosis-We also investigated the distribution of serine/threonine phosphorylations, which in principle do not require inheritance as they are mostly mitosis-specific (15) (16) (17) (18) (19) (20) (21) . Surprisingly, four out of five Ser/Thr phosphorylations analyzed, namely H3S10ph, H3.1/2S28ph, H3T3/T6ph, and H1.4S26ph, were enriched on the old histones in early mitosis (Table 1 and Fig. 2B ). The only exception was H3.3S28/S31ph, which was symmetrically distributed at both time points (Table  1 and Fig. 2B ).
As H3S10ph was the most abundant form of histone Ser/Thr phosphorylation (Table 1 and Fig. 2B ), we first confirmed the temporal pattern of its distribution in HeLa cells. Fig. 3A shows a clear inverse correlation of the asymmetry of H3S10ph against harvesting time, from six independent experiments with a total of 12 time points from the onset of mitosis. One of these experiments was conducted using heavy-to-light pulse labeling and produced a similar result as the other light-to-heavy experiments, ruling out any potential artifacts from SILAC labeling. In late G 2 phase and early mitosis (6 -7 h) when the H3S10ph signal first appears (15) , a much smaller proportion of the new H3 than the old H3 was phosphorylated (Fig. 3B) . As mitosis progresses, the level of H3S10ph increased on both old and new H3 with a clear delay on the new H3 (Fig. 3, B and C). Eventually the level of Ser-10 phosphorylation reached the same proportion on both old and new H3 (11 h and beyond, Fig. 3B ). In addition to HeLa cells, we examined the distribution of H3S10ph in two additional cell lines, 293T cells and the primary cell line human foreskin fibroblast (HFF) cells (33) . Fig. 1 , F and G, shows that the majority of 293T and HFF cells were synchronized, although to a less extent than the HeLa cells (Fig. 1D) . Because of the incomplete synchronization of these two cell types, we only collected samples in early time points. As shown in Figs. 3 and 4 , we performed two independent synchronization experiments for HFF cells and collected samples at 6 and 7 h, respectively. We performed one synchronization experiment for 293T cells and collected samples at 7 h. Importantly, Normalized distribution at 8.5h (Log2)
Normalized distribution at 11h (Log2) Table 1 . The x and y axes show normalized distribution of histone PTM statuses at 8.5 and 11 h, respectively. The data were collected from the same HeLa cell pulse-SILAC experiment shown in A. The diagonal line indicates identical normalized distribution between the two time points. Each data dots were color-coded based on their averaged relative abundance between the two time points (Table 1 ). The color bar on the right was generated by log(2) value of the relative abundance (%). Square, asymmetric phosphorylation (ph) marks; star, H3.3S28ph; rhombus, H3K9me2/3 and H3.1/2 K27me2/3; circle, other PTMs. The arrowheads show the positions of five ph marks.
even with the less efficient cell cycle synchronization, H3S10ph was predominantly associated with the old H3 in both 293T cells and HFF cells (Fig. 3A) . Taken together, we showed that Ser-10 phosphorylation was biased toward old histone H3 at early mitosis in all three cell lines tested and was likely common in other human cell types.
The other three asymmetrically distributed Ser/Thr phosphorylation marks shared the same temporal pattern as H3S10ph in HeLa cells. As shown in Fig. 3D , H3T3/T6ph, H3.1/ 2S28ph, and H1.4S26ph were enriched on old histones at earlier time points (6 -8.5 h) and became more symmetric at 11 h. In contrast, Ser-28/Ser-31 phosphorylation on a cell cycle-inde- Fig. 2 , A and B, and Fig. 3 , A-F. 3rd and 4th columns show relative abundance of each PTM status at 8.5 and 11 h, respectively. The standard errors of multiple MS runs are also shown. 5th column shows average relative abundance between 8.5 and 11 h. 6th and 7th columns show normalized distributions of PTM statuses. All normalized distributions were calculated by the following formula: normalized distribution of a PTM status ϭ (% on old histone/% on new histone)/(old histone/new histone. The categories (shown in 1st column) were generated using arbitrary cutoff; statuses falling between Ϫ1,Ϫ1 and 1,1 were considered to be symmetric. Among the rest, the ones fell in the first quadrant were considered to be enriched on old histone, and the ones that fell in the fourth quadrant were considered to be enriched on new histone. The PTM statues were listed in a descending order according to the value in the 4th column, normalized distribution at 8.5 h (log2). pendent histone H3 variant, H3.3, was symmetric throughout mitosis (Figs. 2B and 3D). We concluded that the time-dependent asymmetric distribution of histone phosphorylations was universal among canonical histones, including both core histone (H3) and linker histone (H1.4), although the abundance of these phosphorylation events was very different in mitosis (Table 1 and Figs. 2B and 3C). These findings suggested the existence of a mechanism that distinguished old versus new histones at early mitosis, which led to enrichment of Ser/Thr phosphorylation on old histones.
Category
H3K9 Was Not Required for Asymmetric Distribution of the Neighboring Ser-10 Phosphorylation on the Same H3 Tail-
The enrichment of serine phosphorylation on old histone resembled the pattern of di-and tri-methylations on lysine residues ( Fig. 2B and Table 1 ). Interestingly, the me2/3 on Lys-9 often coexists with H3S10ph on the same histone tails. As shown in Fig. 4A , the majority of the Lys-9 residue next to a phosphorylated Ser-10 phosphorylation was di-or tri-methylated in all three cell types we examined. We therefore sought to test whether the methylation status of the lysine residues could affect the phosphorylation status of the serine residues next to them.
To test whether H3K9 methylation affects the asymmetric Ser-10 phosphorylation distribution, we performed pulse-SILAC experiments in a 293T cell line carrying an H3.3K9M mutant transgene (34) . As shown in Fig. 4 , B and C, the distribution of Ser-10 phosphorylation on the mutant protein (MS10ph) was also enriched on the old mutant H3.3, strongly suggesting that the Lys-9 residue was not required for asymmetric distribution of Ser-10 phosphorylation on the same H3 tail. Furthermore, this result also suggested that Ser-10 phosphorylation on both H3.1/2 and H3.3 were enriched on old H3, rhombus, six independent pulse-SILAC experiments with a total of 12 time points from HeLa cells; square, two independent pulse-SILAC experiments from HFF cells; triangle, one pulse-SILAC experiment from 293T cells. Normalized Ser-10 phosphorylation distribution ϭ (S10ph on old H3/S10ph on new H3)/(old H3/new H3). y axis is in log2 scale. B, Ser-10 phosphorylation on new H3 had a lagged phase compared with Ser-10 phosphorylation on old H3. y axis is in log10 scale. C, relative abundance of histone phosphorylation marks in the pulse-SILAC experiments. C, all five phosphorylation marks are shown; CЈ, three less abundant phosphorylation marks are shown. D, normalized distribution of four additional histone phosphorylation marks. H3T3/T6ph, H3.1/2S28ph, and H1.4S26ph were enriched on old histones in early mitosis and became more symmetric in late mitosis, very similar to the distribution pattern of H3S10ph as shown in A. In contrast, distribution of H3.3S28/31ph was symmetric throughout mitosis. B-D, data for H3S10ph were from the same HeLa experiments shown in A. The data for H3T3/T6ph and H1.4S26ph were from four independent HeLa experiments with a total of six time points. The data for H3.1/2S28ph and H3.3S28/S31ph were from two experiments with three time points. H3.3S28/31ph was only detected in TiO2-enriched samples but not in input samples. Therefore the relative abundance was set to be 0% in C.
contrary to the symmetric distribution of H3.3S28/S31ph (Fig.  2B and 3D) . Interestingly, there is only one amino acid difference (residue 31) in the N-terminal tails of canonical H3 and H3.3. The distribution of these phosphorylation marks was thereby regulated site-specifically even for the same histone variant.
The K9M mutant protein has been shown to have a dominant negative effect on global K9me2/3 levels (34). As shown in Fig. 4D , a total of 14% drop of K9me2/3 levels were observed in K9M transgenic cells, compared with a 293T cell line carrying a WT H3.3 transgene (p Ͻ 0.05). However, essentially no difference on both the level and the distribution of Ser-10 phosphorylation on the wild type protein was observed, further supporting our conclusion that K9me2/3 did not affect the distribution of the neighboring Ser-10 phosphorylation (Fig. 4, E and F) . Our results were consistent with previous in vitro biochemical studies, which showed that Aurora B does not have substrate preference for a trimethylated form of H3K9 peptide, among other modified forms of the same peptide (35) (36) (37) .
Crosstalk between H3S10ph and H3K9me2-As previously mentioned, the majority of the K9 residue next to a phosphorylated Ser-10 phosphorylation was di-or tri-methylated (Fig.  4A) . Intriguingly, the appearance of H3S10ph coincides with the dissociation of HP1, a K9me2/3-binding protein, from mitotic chromosomes, both of which are Aurora B-dependent (36, 38) . These observations raised the hypothesis that a functional cross-talk existed between Ser-10 phosphorylation and the neighboring K9me2/3 that is usually bound by HP1 during interphase (39, 40) .
To investigate the roles of histone phosphorylation in mitosis and its interaction with other histone PTMs (e.g. H3K9me2/3), we inhibited the mitotic kinase Aurora B using hesperadin (Hes) (26, 41) . As shown in Fig. 5A , treating cells with 100 nM Hes (Fig. 1A) drastically reduced H3S10ph level in mitotic HeLa cells (harvested 11 h and beyond), without obviously delaying mitotic entrance (Fig. 1E ). An average of 37.1% of H3 from DMSO-treated HeLa cells carried the Ser-10 phosphorylation mark, whereas only 1.0% of H3 from Hes-treated cells had Ser-10 phosphorylation (Fig. 5A ). Interestingly, a small but significant reduction of H3K9me2 level was observed in Hestreated cells (51.9%), compared with DMSO-treated cells (56.0%) (Fig. 5A) . In contrast, no significant difference in the abundance of other lysine PTMs on the same peptide (Lys-9 or Lys-14) was seen. Surprisingly, the difference in K9me2 abundance between DMSO and Hes treatments was only seen on the new H3. As shown in Fig. 5B , K9me2 on the new H3 increased in a time-dependent manner in both DMSO-and Hes-treated cells. The increase in the Hes sample was less compared with DMSO (p Ͻ 0.05). In contrast, K9me2 on the old H3 stayed rather stable and did not differ between DMSO and Hes treatments (Fig. 5C , p Ͼ 0.05). These results suggested that H3S10ph/Aurora B cross-talk specifically with K9me2 and were involved in either promoting new K9me2 events or the maintenance of the pre-existing K9me2 in mitosis, or both. We did not observe a significant difference of pre-existing K9me2 levels between DMSO-and Hes-treated cells (data not shown), arguing for the latter. Additionally, DMSO-and Hes-treated cells had similar amounts of new K9me2 on the old H3 (data not shown), suggesting that H3S10ph/Aurora B's role was only limited to the new H3. The effect of inhibiting Aurora B is specific to the H3K9me2 mark, as very little changes in abundance of overall histone PTMs were observed (Fig. 6 ). In addition, given the observation that the abundance of all asymmetric histone phosphorylation marks was drastically reduced when Aurora B was inhibited (Fig. 7, A-C) , we conclude that the absolute abundance of histone phosphorylation did not Inhibiting Aurora B Does Not Affect the Asymmetry of Histone Phosphorylations-Next, we sought to investigate the impact of inhibiting Aurora B on the distribution of H3S10ph and other phosphorylation marks. Fig. 5 , D-F, shows DMSO-and Hestreated HeLa cells, respectively, from the same pulse-SILAC experiment with four time points. As shown in Fig. 5D , essentially no difference was seen in the distribution of H3S10ph between DMSO-and Hes-treated HeLa cells. Both populations showed enrichment of H3S10ph on the old H3 in an earlier time point (6 h) and symmetric distribution at later time points (11-13 h). In both samples, the percentage of Ser-10 phosphorylation on the new H3 lagged behind in the early 6-h time point, but ultimately it reached a similar level as the old H3 (11-13 h) (Fig. 5, E  and F) . In addition, the asymmetric distribution of other asymmetric histone phosphorylation marks was not affected by Hes treatment despite an overall decrease in their levels (Fig. 7, D and E) . Thus, as the enzymatic activity of Aurora B was inhibited, the reduction in substrate phosphorylation manifested proportionally. These results suggested that Aurora B functioned downstream of the marker distinguishing old versus new histones.
Discussion
Mass Spectrometry Provides a Powerful Tool to Study Dynamics of Histone
PTMs-Traditional antibody-based techniques are limited to recognize only one or a few PTMs at a time. They also suffer from potential off-target issues and epitope masking effects. Indeed, both of these issues have been reported with commercially available antibodies against H3S10ph (42, 43) . Antibody-related issues may therefore contribute to some discrepancies in the literature regarding the function of Ser-10 phosphorylation (44 -46) . Over the last decade, mass spectrometry has become a powerful and unbiased tool for histone PTM analysis. Using MS-based technologies, we not only can identify multiple PTMs simultaneously but also perform pulse-chase experiments on histone proteins. Combining MS and SILAC, we have shown that histone serine and threonine phosphorylations have asymmetric distributions in mitosis. We used pulse-SILAC to label new histone synthesis. In theory, after one cell cycle division, the canonical histone protein abundance should double in the cells, and half of them should be labeled with SILAC media. However, we have never achieved greater than 40% labeling of canonical histones (Figs. 2A, 4 , B and E, and 7, D and E). A number of factors could contribute to the incomplete labeling, including incomplete synchronization, impurities in the stable isotope-labeled compounds, and most importantly, the fact that cells recycle cellular metabolites to make new histones in S phase. Similar labeling efficiencies have been reported by us and others (9 -11) .
To rule out any potential artifacts that were linked to the heavy isotope labeling, one of our pulse-SILAC experiments was performed in a reverse fashion. HeLa cells were first cultured in heavy media for an extended period of time (more than 1 week with at least seven passages) to get complete labeling of the heavy-isotope amino acids (Arg and Met). Subsequently, these cells were subjected to a double thymidine block and were pulse-labeled in light media. These results, shown in Fig. 3 , were highly consistent with light-to-heavy pulse-SILAC experiments.
H3.1/2 and H3.3 Show Different PTM Dynamics-To be noted, our analyses of histone H3 synthesis, H3S10ph, and Thr-3/Thr-6 phosphorylation include both the canonical histone H3.1/2 and H3.3 because we could not distinguish the variants in bottom-up mass spectrometry based on the peptides used (supplemental Tables S1-S3 and S5). In our experiments, the only peptide that can be used to distinguish between H3.1/2 and H3.3 levels was the H3 (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) peptide as the 31st amino acid residue is different (H3.1/2, KSAPATGGVKKPHR; H3.3, KSAPSTGGVKKPHR) (Fig. 8B) . However, this peptide has no less than 50 forms on each protein (supplemental Table S7 ) when labeled with heavy-Arg. The number of possible forms is even larger when using both heavy-Arg and heavy-Met in the media, making it impractical to analyze from a technical standpoint. We therefore only showed data for this peptide from pulse-SILAC experiments that have solely heavy-Arg labeling (Figs. 2B, 3, C and D, and 7, B and D) . Importantly, although H3.3 synthesis occurs throughout the cell cycle (3), its relative level remained to be a small portion of total H3. For example, H3.3 was 5.4 and 5.5% of total H3 in a HeLa cell pulse-SILAC experiment at two different time points (8.5 and 11 h), respectively. When we used the H3 (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) peptide to estimate protein synthesis in our experiments (supplemental Table S7 ), we obtained very similar relative abundance of old and new H3 (difference Ͻ1%) between H3.1/2(27-40) peptide and four unmodified peptides that are shared by H3.1/2/3 ( Fig. 2A) .
Our examination of the H3(27-40) peptide in both H3.1/2 and H3.3 demonstrated that the distributions of PTMs on H3.1/2 and H3.3 were highly similar with only two exceptions, Ser-28 phosphorylation and K27me2. Although both were enriched on the old histone H3.1/2, their counterparts were symmetrically distributed on H3.3 (Table 1 and Fig. 8B) .
Histone H3T80ph and H4S47ph Were Not Detected in Mitosis-We did not identify any H3T80 phosphorylation in our samples, despite the recent report about mitosis-specific Thr-80 phosphorylation (43) . Additionally, we did not detect any histone H4S47ph in any of our samples. This result was not surprising because H4S47ph is catalyzed by the Pak2 kinase, which is not mitosis-specific (47) .
Relative Abundance and Normalized Distribution-Because of technical limitations, including inconsistency in cell cycle synchronization and SILAC media incorporation, we observed a relatively large variation in the relative abundance measurements of mitosis-specific PTMs across different pulse-SILAC experiments. For example, the relative abundance of H3S10ph levels varied from ϳ20 to ϳ50% at the 11-h time point across four experiments (Fig. 3C) . To address this issue, we introduced the normalized distribution of PTMs in this study. As shown in Fig. 3A , the normalized distributions of H3S10ph at the four 11-h time points were more similar to each other than the relative abundances (Fig. 3C ). In addition, we provide a snapshot of the normalized distributions of 57 histone PTM statuses in Fig. 2B . We also showed the relative abundances of these PTM statuses in Fig. 2B and Table 1 . The higher the abundance of a particular PTM was, the more confident we were. In general, we saw good reproducibility among experiments for any PTM status having a relative abundance above 1%.
Possible Mechanisms That Distinguish Old and New Histones-It was intriguing to discover the asymmetric distribution of histone phosphorylation events on old and new histones in mitosis (Fig. 8A) . Based on our observations, we hypothesized that there was one or more marker(s) associated with either the old or new copies of histone proteins. The marker(s) should be added onto histones at S phase, either marking the old or newly synthesized histones. Subsequently, the marker(s) should remain associated with the old or new histones until late G 2 and/or M phase as the histone phosphorylation events start. The marker(s) should be recognized by mitotic kinases that are responsible for histone phosphorylation. Finally, the marker(s) should be highly abundant, at least as abundant as the phosphorylation marks. We found asymmetric phosphorylation marks on both core histone H3 and linker histone H1.4, suggesting a common mechanism for all histone phosphorylation marks. Interestingly, Ser-10 phosphorylation but not Ser-28 phosphorylation on H3.3 is asymmetrically distributed (Figs.  3D and 4C) , suggesting an alternative model that site-specific markers function locally. Our results suggested both mechanisms could exist and function coherently. Further investigation is needed to identify the molecular identity of the marker(s).
Our first candidate for the local marker of H3S10ph was H3K9me3 given its distribution pattern in mitosis (Fig. 2B) , as well as the fact that H3S10ph is often associated with a neighboring K9me3 (Fig. 4A) . Surprisingly, we showed in Fig. 4C that the Lys-9 residue was dispensable for the asymmetric distribution of Ser-10 phosphorylation. In addition, reduction in K9me2/3 levels did not change the global level of Ser-10 phosphorylation (Fig. 4, D-F) . Therefore, K9me3 was unlikely to function as the marker for the asymmetric distribution of the neighboring Ser-10 phosphorylation on the same H3 tail.
Our data, however, did not rule out the possibility that the K9me3 on the other H3 molecule within the same nucleosome served as the marker for Ser-10 phosphorylation. Because the majority of H3/H4 tetramers (including most H3.3/H4 tetramers) do not split after replication (6 -8) , the H3/H4 tetramers are either old or new. Thus, H3K9me3 might still serve as the local marker for the distribution of the H3S10ph in the same nucleosome. Similarly, K27me2/3 might be the local marker for Ma   H3 H3  H4 H4  H1   G1  S  G2   H3 H3  H4 H4  H1   H3 H3  H4 H4  H1  H3 H3  H4 H4  H1   H3 H3  H4 H4  H1   P P  P   H3 H3  H4 H4  H1 H3 H3 H4 H4 H1 According to previous studies (6 -8), histone H3/H4 tetramers have very low split rates and therefore old H3/H4 stay together. In early mitosis, most mitotic histone phosphorylation events preferentially happened on old histone H1 and H3. In late mitosis, both old and new histones were phosphorylated. The mitotic phosphorylations were erased before cells enter the next G 1 phase. Our data suggested that one or more markers (Ma) were involved in marking the old versus new histones in S, G 2 , and early mitosis. B, shown are histone PTMs that were enriched on old histones in mitosis (Table 1) . Only partial protein sequence is shown for each histone. Peptide sequences that were not analyzed in this study are in gray. The H3.1/2(27-40) peptide is in blue, and the H3.3 (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) peptide is in red. The line connecting the four acetylation marks on H4(2-16) peptide indicates only the four-ac was enriched on old H4 but not two-ac or three-ac (Table 1) .
H3.1/2S28ph because the K27me2/3-Ser(P)-28 pair resembled many features of K9me3-Ser(P)-10. In contrast, K9me2/3 and K27me2/3 were not likely to be the markers for H3T3/6ph or the linker histone H1.4S26ph, especially given that H1.4 did not reside in the nucleosomes. Further investigation is required to test these ideas. Intriguingly, a similar phenomenon was recently reported in the Drosophila male germ line (48, 49) , where the germ line stem cells (GSCs) undergo asymmetric cell division to generate one GSC and one differentiating daughter cell. Chen and coworkers (48) discovered that old/pre-existing canonical histone H3 but not H3.3 were selectively segregated to the daughter GSC. They further showed that H3T3ph was required for the asymmetric inheritance of H3, and they suggested it was required in a specific time window (prophase to metaphase) (49) . The asymmetric cell division is only limited to Drosophila GSCs and is not seen in surrounding somatic tissues, so is the asymmetric distribution of H3T3ph and directional inheritance of histone H3 (48, 49) . However, the observations are highly similar to ours in this study that mitotic histone ph mark(s) is(are) enriched on the old histones in early mitosis, suggesting the underlying mechanism is conserved between Drosophila and humans.
Epigenetic Inheritance of Histone PTMs-Two distinct models have been proposed regarding how the epigenetic information of histone PTMs is carried through DNA replication as follows: either the enzymes or the PTMs are associated with chromatin and presumably will guide the inheritance after replication. Mazo and co-workers (50, 51) have shown in Drosophila embryos that the H3K4me3 and H3K27me3 are lost during replication, whereas the methyltransferases responsible are retained on chromosome, suggesting the former mechanism. Contradicting results from Strome and co-workers (52) showed that the H3K27me3 remains on chromatin in Caenorhabditis elegans from germline to the next generation. We and others (9 -11) have previously studied histone methylation kinetics in the human cell cycle, revealing that overall levels of H3K9me2/3 and H3K27me2/3 are not significantly reduced in S phase. The decreases in relative abundance can be explained by dilution effects from the newly synthesized histones. In this study we further showed that many other histone PTMs, including H3K36me2/3 and H3K79me1/2/3, were enriched on old histones during mitosis (Figs. 2A and 8B and Table 1 ), supporting the observations seen in C. elegans that histone PTMs themselves are maintained for epigenetic inheritance. In addition, our results also suggested that the corresponding enzymes responsible for these PTMs would propagate the information from old histones to new histones after histone synthesis in S phase. The differences in the spatial and temporal activities of these enzymes might be responsible for the distributions we observed in this study. For example, H3K9me2/3 and H3K27me2/3 do not recover to their original level until the end of the next G 1 phase, suggesting that the responsible enzymes are mainly active during G 1 .
Histone acetylations are another major category of PTMs commonly seen on histones. It is long established that newly synthesized H3 and H4 carry acetylation (ac) marks and that deacetylation is essential for the assembly process (6), although it remains unclear how the cell manages both deacetylation and epigenetic inheritance of acetylation at the same time. We showed in this study that most H3 and H4 ac marks, including H3K9ac, H3K14ac, H3K18/23ac, H3K18acK23ac, and H4(4 -17) one-ac, were symmetrically distributed ( Fig. 2B and Table  1) . Two ac marks, namely H4(4 -17) two-ac and H4 (4 -17) three-ac were enriched on new histones (Fig. 2B and Table 1 ). These two ac marks were of rather low abundance (Ͻ10%) and showed a decreasing trend from the 8.5-h time point to the 11-h time point, which suggested that they were from a small percentage of S phase cells (53, 54) . Interestingly, H4 (4 -17) four-ac (K5acK8acK12acK16ac) was enriched on the old histones at both time points (Table 1 and Fig. 8B ), suggesting that the epigenetic inheritance of this highly acetylated form (fourac) of H4 was regulated differently from its less acetylated forms (one-to three-ac).
Biological Function of Histone Phosphorylations-Extensive work has been conducted to uncover the biological functions of histone phosphorylation marks (45, 46, (55) (56) (57) . A common view is that they play distinct roles in interphase and mitosis. Several phosphorylation marks are implicated in transcriptional regulation of individual genes during interphase (58 -63) . However, their roles in mitosis remain elusive, despite the fact that the abundance of these marks is generally much higher in mitosis than in interphase (15) (16) (17) (18) (19) (20) (21) . Our discovery about the asymmetric distribution of these marks might provide the first step toward understanding their function in mitosis. We originally hypothesized that histone phosphorylation marks served as indicators for distinguishing new versus old histones and were involved in guiding the inheritance of other histone PTMs. The reason that phosphorylation levels peak in mitosis may be because this is the only period during which the cell must differentiate old from new. However, H3K9me2 was the only other PTM affected by inhibiting Aurora B in mitosis, despite the fact that all four asymmetric histone phosphorylation marks were reduced drastically (Figs. 5A and 7, A-C) . These results suggested that histone phosphorylation marks were not directly involved in epigenetic inheritance of most PTMs, with the caveat that the time frame of our experiments might have been too short to reveal the impact.
Although most Kme2/3s were enriched on the old histones in mitosis, H3K9me2 showed a symmetric distribution (Fig. 2B and Table 1 ). Therefore, it was surprising that H3K9me2, but not H3K9me3, was affected by Aurora B inhibition (Fig. 5A) . As discussed previously, H3S10ph and/or Aurora B might be involved in either maintenance of old K9me2 or generation of new K9me2. Our results favored the latter model as we showed a significant difference in K9me2 levels on the new H3 but not the old H3 between DMSO and Hes treatments (Fig. 5, B and  C) . This observation was contradictory to previous work that showed Suv39h1 was incapable of methylating a Ser-10 phosphorylation peptide in vitro (35) . The discrepancy may be due to either indirect interaction of H3K9me2-S10ph/Aurora B (i.e. mediated by other proteins) or technical limitations in the in vitro methyltransferase assay. In addition, the reduction in H3K9me2 levels was rather small, compared with the drop in H3S10ph and other phosphorylation mark levels. This could be due to an indirect impact of Hes treatments and therefore did not represent a cross-talk between H3S10ph/Aurora B and H3K9me2. Further work is required to investigate this potential cross-talk.
Experimental Procedures
Tissue Culture and Synchronization-HeLa S3 cells were cultured and maintained in suspension as described previously (64) . In brief, HeLa cells were cultured in Minimum Essential Medium Eagle's Joklik Modification with L-glutamine (Sigma) supplemented with 10% Hyclone new calf serum (GE Healthcare) and 100 units/ml penicillin/streptomycin (Life Technologies, Inc.). HeLa cells were maintained in a density between 1 ϫ 10 5 and 1 ϫ 10 6 cells/ml. The cell synchronization procedure is illustrated in Fig. 1A . For the double thymidine block, 2.5 mM thymidine (Acros Organics) was added to the media. The first block was 18 -19 h. Cells were subsequently released for 8.5-10 h in media without thymidine and subjected to a second block with 2.5 mM thymidine for 15-17 h. For experiments with nocodazole, 0.1 g/ml nocodazole (EMD Millipore) was supplemented with normal media after the double thymidine block. For experiments with the Aurora B inhibitor hesperadin, 100 nM hesperadin (EMD Millipore) or equivalent DMSO solvent was added to the media at 2 h after the double thymidine block. For different time points collected from the same experiment, a portion was removed from the suspension culture at each time point and analyzed by flow cytometry or mass spectrometry.
HFF cells and 293T cells were cultured and maintained as described previously (33, 34) . Briefly, HFF and 293T cells were cultured in Dulbecco's modification of Eagle's medium (DMEM) with high glucose (Life Technologies, Inc.), supplemented with 10% fetal bovine serum (FBS) (Sigma). HFF cells were cultured below ϳ80% confluency to avoid a contact inhibition-induced quiescence state. Cells below 13 passages were used. 293T cells were supplemented with 3 g/ml puromycin (Santa Cruz Biotechnology) to maintain the HA-and FLAG-tagged H3.3 (WT or K9M) transgene. For synchronization of HFF and 293T cells, cells were plated at 20 -25% confluency and subjected to serum starvation with 0.1% FBS for 24 h. Subsequently media with 10% FBS and 2 mM hydroxyurea were added for 18 h. Normal growth media with 0.1 g/ml nocodazole was subsequently introduced for releasing. G/2 M cells were collected 6 -7 h after releasing (Fig.  1B) . For different time points collected from the same experiment, cells were plated separately in different tissue culture wells/plates but at identical densities and treated the same.
SILAC Medium Preparation-DMEM lacking L-arginine and L-methionine was purchased (AthenaES or Thermo Fisher Scientific Inc.). Joklik medium lacking L-arginine and L-methionine was made from powdered Joklik mixture (Sigma) and supplemented with all the necessary vitamins and amino acids (excluding L-arginine and L-methionine) based on the standard recipe. The SILAC medium was supplemented with 10% dialyzed FBS (Thermo Fisher Scientific Inc.), as well as L-arginine- 13 Histone Extraction, Phosphorylated Peptide EnrichmentHistones were acid-extracted from cells and processed with two rounds of chemical derivatization, trypsin digestion, and desalting by Stage-Tips as described previously (65) . These samples were either subjected directly to on-line nano-LC/ MS/MS (input samples) or were enriched for phosphorylated peptides.
Phosphorylated peptide enrichment by TiO 2 was performed as described previously (65) (66) (67) (68) . Briefly, propionylated and desalted histone peptides were mixed with at least a 4-fold excess of TiO 2 beads (GL Sciences) in 200 l of loading buffer (2 M lactic acid (Sigma) in 50% acetonitrile (ACN)). TiO 2 microcolumns are made in the same way as Stage-Tips with a C8 mini-disk plug at the bottom of the tip. The histone peptide and TiO 2 /bead mixture were added onto the micro-column and 
Nano-Liquid Chromatography Electrospray Ionization Tandem Mass Spectrometry (Nano-LC/MS/MS) and Data
Analysis-The samples were loaded onto one of the three instrument setups as shown in supplemental Table S1 , all at 300 nl/min. Histone peptides were resolved on a two-step gradient from 2% ACN to 30% ACN in 0.1% formic acid over 40 min and then from 30 to 95% ACN in 0.1% formic acid over 20 min. The mass spectrometers were operated in the data-dependent mode with dynamic exclusion enabled (repeat count, 1; exclusion duration, 0.5 min). MS instrument methods were set up as reported previously (2) . Settings for resolution, automatic gain control, and normalized collision energy are listed in supplemental Table S1 . For every cycle, one full MS scan (m/z 290 to 1600) was collected and followed by 10 MS/MS scans using either high energy C-trap dissociation or collision-induced dissociation in the ion trap (supplemental Table S1 ). All isolation windows were set at 2.0 m/z. Ions with a charge state of 1 and a rejection list of common contaminant ions (including keratin, trypsin, and BSA) (exclusion width ϭ 10 ppm) were excluded from MS/MS.
For each MS run, 1-2 g of input samples were loaded. For TiO 2 -enriched samples, 20 -300 g of equivalent were loaded. A minimum of triplicates was performed for each sample, except for one time point from a HeLa cell pulse-SILAC that only two good quality runs were achieved. As illustrated previously (65), we targeted the m/z for the isobaric peptides and quantified the relative abundance of their unique b or y ions at the MS/MS level. Subsequently, we determined the relative abundance at the MS1 level based on the ratios we obtained, either manually or by a Matlab-based program, EpiProfile (69) . Data were corrected for differences in detection efficiencies based on the correction factors generated by a synthetic peptide library as described previously (70) . For phosphorylated peptides that were not included in the synthetic peptide library, an average correction factor generated from all the peptides with the same histone backbone was used. For the histone H3.3 (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) peptide, the H1.4 (25) (26) (27) (28) (29) (30) (31) (32) peptide, and the K9M(9 -17) peptide, no correction factors were available, and thus no correction was performed.
MH ϩ masses of peptides quantified are listed in supplemental Tables S2 to S8 . Most pulse-SILAC experiments were performed with the light-to-heavy media switch, with either both heavy-Arg and heavy-Met labeling or just heavy-Arg labeling. One pulse-SILAC experiment for HeLa cells was performed with heavy-to-light media switch, with both heavy-Arg and heavy-Met labeling in the original media. Histone H3 (9 -17) peptides quantified are listed in supplemental Table S2 with both heavy-Arg and heavy-Met labeling and supplemental Table S3 with just heavy-Arg labeling. For quantification of old versus new histone H3 and H4 proteins, four peptides from H3 and two peptides from H4 that are typically unmodified in mitosis were used to generate an average number for new protein synthesis (supplemental Table S4 ). For each peptide, the light and heavy peptides were quantified, and the sum was set to be 100%. We also monitored all peptides in supplemental Table  S4 in this analysis for any potential PTMs but did not identify any in our experiments as expected. The supplemental Tables  S5-S7 show additional peptides quantified. For differentially SILAC-labeled methylated peptides of the same modification (e.g. Lys-9me3:0, Lys-9me3:1, Lys-9me3:2, and Lys-9me3:3), the relative quantification of all these forms were combined and summarized. An example is given in supplemental Table S9 .
PTM Distribution Normalization-The SILAC labeling of newly synthesized histone proteins was incomplete, i.e. we did not get 50% labeling of histones, presumably because of recycling of cellular amino acids. To account for this incomplete labeling, we normalized the distribution of PTMs based on the corresponding histone protein labeling efficiency. The normalized distribution was calculated for each pulse-SILAC time point as shown in Equation 2, Old and new H3 and H4 proteins were quantified based on multiple peptides listed in supplemental Table S4 . The H1.4 protein was quantified based on the 25-32 peptide shown in supplemental Table S6 . H3.1/2 and H3.3 proteins were quantified based on the 27-40 peptide shown in supplemental Table  S7 . H3.3K9M peptides were listed in supplemental Table S8 . Statistical Analysis-The p values were generated by Student's t test (two-tailed).
Mass Spectrometry Data-The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (71) partner repository with the dataset identifier PXD003709 and 10.6019/PXD003709.
Propidium Iodide (PI) Staining and Flow Cytometry Analysis-As described previously (9) , cells were fixed in 70 -80% ethanol and stained by PI for flow cytometry analysis. Briefly, one to three million cells were collected and rinsed with phosphate-buffered saline (PBS). Cells were subsequently resuspended in 1 ml of 4°C PBS. 100% ethanol (Ϫ20°C) was then added in a dropwise fashion to reach a total volume of Ͼ5 ml with moderate vortexing. After fixation overnight at 4°C, cells were washed with PBS twice. Cells were then incubated with 0.08 mg/ml PI (EMD Millipore) and 0.02 mg/ml RNaseA (Roche Applied Science) in PBS for Ͼ1 h in the dark at room temperature. Flow cytometry was performed in either the Princeton University Flow Cytometry Resource Facility or the University of Pennsylvania Flow Cytometry and Cell Sorting Resource Laboratory. Data figures were generated using FlowJo.
Metabolomics Analyses-As described previously (9), metabolites were extracted from frozen cell pellets with 40% ACN, 40% methanol, and 0.1% formic acid on ice and centrifuged at 5000 ϫ g to collect the supernatant. The supernatant was clarified by centrifugation at 16,000 ϫ g prior to MS analyses. 
